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Changes in phytoplankton dynamics and food webs have been observed in many
coastal ecosystems and are related to long-term decreases in riverine Si:N and Si:P
nutrient ratios (reviews in Smayda 1990; Conley et al. 1993; Turner et al. 1998). The
most obvious explanation for the observed decrease of Si:P and Si:N ratios is eutroph-
ication. Urbanization and agricultural and industrial activities have led to large
increases in the delivery of N and P along the land–ocean continuum. On a global basis,
the fluxes of these elements to the oceans have increased by a factor of two; it has long
been thought that at the same time, DSi fluxes have remained constant because the
major source of DSi to rivers is natural silicate rock weathering (Chapter 2, this volume).
Numerous reviews have described excessive inputs of N and P compounds to coastal
waters (e.g., Nixon et al. 1996; Howarth et al. 1996), their effects on coastal waters (e.g.,
Cloern 2001), and the subsequent nutrient management strategies needed for sustain-
able use of coastal zones (Conley 2000). However, Si:N and Si:P ratios also decrease after
an anthropogenic reduction of DSi concentrations along the aquatic continuum from
land to ocean.

Silica Depletion in Aquatic Systems
Three major mechanisms can contribute to the proposed silica depletion. Two are well
known (eutrophication and hydrologic management), and the third one (increasing
biodeposition by invasive species) remains to be explored (Ragueneau et al. 2005).

Increased N and P loading—eutrophication—increases aquatic primary production
and, in many systems, diatom production. Subsequent increases in the sedimentation
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rate of diatoms can lead to increasing amounts of diatoms and BSi stored in the sedi-
ments, eventually leading to a reduction in DSi supplies to the water column, especially
in systems with long residence times (Conley et al. 1993). This nutrient-driven alter-
ation of the biogeochemical Si cycle was first described for the North American Great
Lakes (Schelske et al. 1983), but it has also been observed in small lakes (Engstrom et
al. 1985; Schelske et al. 1987) and is relevant for the coastal zone, with a number of
coastal margin systems showing declines in DSi concentrations that are related to
anthropogenically induced eutrophication (review in Conley et al. 1993).

Strong reduction in DSi concentrations in rivers has also been observed after dam
construction (the so-called artificial lake effect; Van Bennekom and Salomons 1981),
as in the Nile River (Wahbi and Bishara 1979) and the Mississippi River (Turner and
Rabalais 1991). Humborg et al. (1997) observed a direct link between dam building,
nutrient ratio, and coastal ecosystem structure in the Danube–Black Sea system. In these
systems, DSi reductions have been assumed to occur with increased diatom growth after
increased residence time of waters in the reservoirs and subsequent retention of Si as
diatoms are buried in accumulating sediments behind dams (Figure 12.1). Two other
mechanisms to account for DSi reduction with damming are the trapping of phytoliths
or other forms of amorphous silica during sedimentation behind dams, removing an
important component of particulate Si carried by rivers (Conley 2002), and changes in
vegetation associated with hydraulic manipulations that affect the weathering fluxes of
DSi, thereby leading to the observed DSi reduction (Humborg et al. 2002). Both
mechanisms are discussed in more detail in Chapters 3 and 5.

Another influence on the Si cycle along the land–ocean continuum is increased
biodeposition. Indeed, suspension feeders filter enormous amounts of water (Budd et
al. 2001); they consume diatoms and produce large quantities of biodeposits enriched
in Si relative to C or N because they have no known metabolic need for Si (Ragueneau
et al. 2005; see also Tande and Slagstad 1985 or Cowie and Hedges 1996 for an anal-
ogy with pelagic grazers). The effects of biodeposition on the Si cycle and ecosystem
functioning have been suggested (Chauvaud et al. 2000) and observed at a seasonal scale
in terms of phytoplankton dynamics (Ragueneau et al. 2002a; Chapter 11, this volume).

More recently, Ragueneau et al. (2005) explored the consequences of such a mecha-
nism for the Si cycle on longer time scales. Budget calculations demonstrate that in the
Bay of Brest, annual Si biodeposition represents nearly 80 percent of DSi river inputs.
Some 70 percent of the BSi biodeposited redissolves (Ragueneau et al. 2002a). However,
the biodeposition flux is so important and the preservation conditions in Crepidula for-
nicata mats so good (nearly 30 percent of the BSi annually biodeposited eventually gets
preserved; Ragueneau et al. 2005) that the annual Si accumulation amounts to about 20
percent of DSi river inputs. Although this retention efficiency is close to the global mean
proposed by DeMaster (1981), it is twice as high as the one used at global scale by Tréguer
et al. (1995) and probably much higher than it was before C. fornicata invaded the ecosys-
tem. In many ecosystems biodeposition increases year after year with the development

198 | 12. Responses of Coastal Ecosystems to Anthropogenic Perturbations



of aquaculture and the accidental proliferation of invasive species (Mack et al. 2000; Ruiz
et al. 2000). We hypothesize that increasing biodeposition may constitute another route
for silica depletion that does not necessarily involve increased diatom production but sim-
ply increased BSi preservation. It will be important to test this hypothesis, first in the Bay
of Brest ecosystem and then in the many places where biodeposition is increasing. Pos-
sible ways of testing this mechanism include looking at changes in BSi accumulation rates
in such ecosystems and looking at monitoring data downstream of invasions to search
for changes in DSi concentrations.

12. Responses of Coastal Ecosystems to Anthropogenic Perturbations | 199

Figure 12.1. Illustration of the DSi depletion hypothesis. (a) Decreasing DSi
concentrations with eutrophication in Lake Michigan (redrawn from Schelske et al.
1983). (b) Declining DSi concentrations at the Danube River mouth after construction
of the Iron Gates dam in the early 1970s (redrawn from Humborg et al. 1997).



Anthropogenic DSi Inputs
It was recently recognized that there are significant anthropogenic sources of DSi. Sol-
uble silicates such as sodium silicates (water glass) are some of the largest-volume syn-
thetic chemicals in the world and are used in both industrial and household products,
such as laundry detergents (van Dokkum et al. 2004). Recent estimates suggest that in
Western Europe the additional load of anthropogenic DSi into rivers from industries
and households contributes only 2 percent of the annual DSi in Western Europe (van
Dokkum et al. 2004). However, locally, and especially during times of low DSi con-
centrations or near cities, substantial inputs of DSi may affect local mass balances. Addi-
tionally, various forms of soluble silicates are being used as commercial fertilizers, espe-
cially on crops such as rice and sugarcane, which have high demands for Si (Datnoff et
al. 2001). DSi as a fertilizer is also being used in soilless greenhouse systems. The quan-
tities of the additional sources of DSi are poorly constrained at present.

Ecosystem Response to Decreasing Si:N and Si:P Ratios

Switch from Diatoms to Flagellates: The DSi Paradigm
The growth of diatoms depends on the presence of DSi, whereas the growth of nondi-
atom phytoplankton does not. Diatoms use DSi, mostly Si(OH)4 (Del Amo and
Brzezinski 1999), essentially to build their frustules (Guillard and Kilham 1978). This
silica wall may protect them against predators (Hamm et al. 2003) or increase their abil-
ity to acquire inorganic carbon (CO2) from seawater (Milligan and Morel 2002). In the
1970s, many experimental studies were devoted to determining DSi uptake parameters
(Officer and Ryther 1980 and references therein), namely the maximum uptake rate
(µmax) and the half-saturation constant (Ks). They showed that Ks values ranged
between 0.5 and 5.0 µM (i.e., well within the range of DSi concentrations encountered
in the field), suggesting that “low silicate concentrations may exert a selective influence
on the species composition of phytoplankton populations in the sea” (Paasche 1973).
Diatom physiology and DSi kinetic uptake parameters are discussed in more detail by
Claquin et al. in Chapter 9.

First Evidence of DSi Limitation

Interestingly, the first evidence of DSi limitation has been reported in lakes. Pearsall
(1932) and then Lund (1950) observed a rapid decline of diatoms with DSi concentra-
tions dropping below 8 µM. Kilham (1971) related the seasonal succession of diatoms
in eutrophic lakes to changes in ambient DSi concentrations. In the same period,
Schelske and Stoermer (1971) related shifts from diatoms to green and blue-green algae
in Lake Michigan to DSi depletion, after increased diatom growth and P inputs.

Officer and Ryther (1980) extended this idea to marine waters by reviewing a few
case studies in North American estuaries and coastal waters. A sequence from spring
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diatoms to summer flagellates is a common occurrence in temperate coastal waters
(Margalef 1958). Officer and Ryther (1980) related it to DSi availability, which
becomes limiting after spring uptake by diatoms and lower subsequent dissolution of
diatom Si compared with N and P, which are biologically mediated.

Two Decades of Evidence Sustaining the Paradigm

The Si:N and Si:P ratios are declining at the output of many rivers because of increas-
ing N and P loadings, decreasing DSi concentrations, or both. Year after year, coastal
waters move from N to Si limitation (Fransz and Verhagen 1985; Conley and Malone
1992; Ragueneau et al. 1994). Ecosystems move from a natural sequence (from a new
production regime during spring, dominated by diatoms, to a regenerated production
regime during summer, dominated by flagellates) to a perturbed sequence in which the
shift occurs earlier in the season and flagellate blooms become much bigger because they
occur under a new production regime, making use of the excess N and P that could not
be used by diatoms because of DSi limitation (Billen et al. 1991).

This phenomenon is not confined to a few case studies. Smayda (1990) related the
increasing frequency and magnitude of harmful algal blooms in many ecosystems
(Baltic Sea, Kattegat, Skagerrak, Dutch Wadden Sea, North Sea, Black Sea) to long-term
declines in Si:N and Si:P ratios. Justic et al. (1995) presented two more case studies in
the Adriatic Sea and the northern Gulf of Mexico. They noted that if “historically, rivers
carried DSi well in excess to DIN and DIP [dissolved inorganic nitrogen and phos-
phorus, respectively], at present, many world rivers are beginning to experience a stoi-
chiometric nutrient balance or even a DSi deficiency.” Perhaps the two best case stud-
ies are located on the Louisiana and northwestern Black Sea continental shelves, at the
mouths of the Mississippi and Danube rivers, respectively.

Mostly as a result of large increases in N and P fertilizer use, the DSi:DIN ratio has
decreased from 3:1 to 1:1 in the twentieth century in Louisiana shelf waters (Turner and
Rabalais 1991). Other ecosystem parameters have been affected by these changes in
nutrient balance (Figure 12.2): copepod abundance changed from more than 75 per-
cent to less than 30 percent of total mesozooplankton, zooplankton fecal pellets became
a minor component of the in situ primary production consumed, and bottom-water
oxygen consumption rates become less dependent on fast-sinking (diatom-rich) organic
matter packaged mostly as zooplankton fecal pellets (Turner et al. 1998).

This coastal ecosystem can now shift from a food web composed of diatoms and
copepods to one with potentially disruptive harmful algal blooms; the shift is controlled
by Mississippi River water quality, which is in turn determined by land use practices far
inland (Turner et al. 1998).

The second excellent illustration is the northwestern shelf of the Black Sea, which
is under the direct influence of the Danube River, which discharges some 70 percent of
the total freshwater to the Black Sea (Tolmazin 1985). From the 1960s to the late 1980s,
DIN and DIP inputs increased by a factor of five and three, respectively, as a result of
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human activities in the watersheds of main tributaries and along the shoreline (Coci-
asu et al. 1996). The consequent changes in DSi:DIN ratios of the Black Sea nutrient
load appear to be larger than those caused by eutrophication alone; Humborg et al.
(1997) suggested that the damming of the Danube, and in particular the construction
of the Iron Gates Dam in the early 1970s, induced a decline in DSi concentrations (Fig-
ure 12.1) that could to explain in part the observed changes in nutrient balance. These
changes are accompanied by a qualitative shift in the oxidation state of nitrogen com-
pounds being delivered to the coastal areas caused by eutrophication in the freshwater
reservoirs (Sapozhnikov 1992). Taken together, these changes have stimulated phyto-
plankton blooms of altered composition (Bodeanu 1992), especially toward non-
siliceous mixotrophic species (Bologa et al. 1995; Bouvier et al. 1998). Cascading
effects on pelagic (Bodeanu 1992) and benthic (Gomoiu 1992) food chains have been
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Figure 12.2. Effects of fluctuating DSi:dissolved inorganic nitrogen (DIN) ratios in the
Mississippi River on Louisiana shelf plankton food webs (from Turner et al. 1998). (a)
Effects on copepod abundance, (b) effects on the contribution of fecal pellets to the total
carbon in a surface sediment trap (5 m), (c) effects on the percentage of phytoplankton
primary production captured as fecal pellets in a bottom sediment trap (15 m), and (d)
effects on benthic respiration. LOOP and C6B denote stations from Turner at al. (1998).



observed, thought to be at the root of Black Sea ecosystem destabilization (Mee 1992;
van Eeckhout and Lancelot 1997).

Mesocosm Evidence Supporting the Paradigm

Mesocosms provide a means to manipulate nutrient concentrations and to study large
volumes (several cubic meters) of water containing natural plankton communities.
Since the late 1980s and early 1990s, mesocosm experiments have been designed to
study the response of phytoplankton populations to varying nutrient concentrations and
nutrient balance under different turbulence conditions (Estrada et al. 1988; Svensen et
al. 2001), grazing pressure, or both (Alcaraz et al. 1988; Escavarage and Prins 2002).
With the increasing evidence linking changes in coastal water phytoplankton compo-
sition to changes in river Si:N ratios, mesocosm experiments specifically designed to
study the influence of DSi on phytoplankton composition have flourished (Egge and
Aksnes 1992; Wassman et al. 1996; Egge and Jacobsen 1997; Svensen et al. 2001;
Svensen 2002; Roberts et al. 2003).

However, results from these experiments are somewhat contradictory. But the most
cited study sustaining the paradigm we are interested in probably is the one by Egge and
Aksnes (1992; Figure 12.3).

Using fourteen enclosures, these authors showed that diatom dominance (more
than 80 percent of total cell counts) occurred irrespective of season if DSi concentra-
tion exceeded a threshold of approximately 2 µM. They suggested that this could result
from a higher maximum growth rate in diatoms at nonlimiting DSi concentrations (see
also Martin-Jézéquel et al. 2000). Interestingly, this threshold is close to many Ks val-
ues measured in the field (see Chapter 9, this volume). It also corresponds to a thresh-
old above which the BSi:CaCO3 rain ratio increases sharply in the open ocean (Rague-
neau et al. 2000). For all these reasons, this value of 2 µM has become the standard value
for DSi limitation. But the reality appears to be more complex, as seen from both meso-
cosm and field studies.

Field and Mesocosm Evidence Against the Paradigm

The paradigm stipulates that DSi availability controls the shift from diatoms to non-
diatom species, potentially harmful, with important implications in terms of carbon
export toward both deeper waters and higher trophic levels.

The influence of DSi on the export toward higher trophic levels has been discussed
indirectly in connection with the importance of diatoms in the food chain (Chapter 11,
this volume). In a recent mesocosm study, Roberts et al. (2003) started their experiments
with DSi concentrations higher than 2 µM, and initially diatoms dominated, as found
by Egge and Aksnes (1992). After Day 8 however, when DSi fell below 2 µM, the rel-
ative contribution of diatoms to total autotrophic plankton biomass increased and
continued to do so for 5 days. Similarly, in the field (Bay of Brest), Ragueneau et al.
(1994) observed several diatom blooms in May and June 1992, while DSi concentra-
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tions were far below Ks values and even close to zero. Two major reasons can be sug-
gested to account for such observations.

First, the shift from diatoms to nondiatom species can be controlled by silicon
regeneration, as suggested by Officer and Ryther (1980). Diatoms may be able to use
immediately the DSi that is released from the dissolution of biogenic silica, so that DSi
concentrations have no time to build up in the water column. Clearly, as discussed in
Chapter 11, BSi production and dissolution fluxes should be measured in addition to
DSi concentrations.
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Figure 12.3. Contribution of diatoms to total phytoplankton as a function of DSi
concentration. (a) Results from mesocosm experiments (Egge and Aksnes 1992). (b)
Results from the Bay of Brest (France) (Fouillaron et al. submitted).



Second, the shift in phytoplankton composition may not be immediate because
diatoms are known to exhibit some degree of flexibility when they become DSi stressed.
Before the shift occurs, Roberts et al. (2003) observed physiological and biochemical
changes of the dominant diatom species, such as differences in mean cell volume
(MCV), C:MCV ratio, C:N ratio, and glucan concentrations. Laboratory studies have
demonstrated that diatoms can sustain high growth rates despite low external DSi con-
centrations (Olsen and Paasche 1986; Brzezinski et al. 1990). In coastal waters, it has
been observed that diatoms adjust to low DSi concentrations by thinning their frustules
or decreasing the number and length of spines (Chapter 9, this volume). In the North
Sea, Rousseau et al. (2002) observed that the Si:C ratio of the diatoms decreased with
declining DSi concentrations during the productive season. This decrease was accom-
panied by shifts between diatom species. Thus, under increasing DSi stress, if the recy-
cling flux becomes insufficient, diatoms exhibit a gradual response before a complete
shift toward nonsiliceous species may occur.

In the summer of 1995, off the Danube River on the northwestern shelf of the
Black Sea, the contribution of diatoms to total primary production was negligible,
despite the fact that DSi concentrations were greater than 2 µM (Ragueneau et al.
2002b). During that period, N and P limitations were preventing diatoms from
blooming. A similar observation has been made by Lancelot et al. (2004) in the North
Sea, with DIP again playing a major role in controlling the growth of summer
diatoms. In the Bay of Brest and Chesapeake Bay, DSi clearly plays a critical role in
spring (Ragueneau et al. 2002a, Conley and Malone 1992). But in summer, DSi
builds up again in the water column because it is not being used up by diatoms. In the
Bay of Brest in August and September, flagellates dominate while DSi concentrations
increase steadily from near zero to more than 4 µM. In this ecosystem, there are many
diatoms in spring, when ambient DSi concentrations remain low, and there are no
diatoms in late summer, when DSi concentrations build up again in the water column.
This is illustrated in Figure 12.3, for direct comparison with the Egge and Aksnes
(1992) mesocosm experiments.

Obviously, part of this discrepancy can be resolved by reasoning in terms of fluxes
and not concentrations (Fouillaron et al. submitted): DSi concentrations are low in
spring because they are being used continuously by diatoms, whose growth rate must
be controlled by the efficiency of DSi regeneration, which can be rapid if stimulated
by bacterial activity (Bidle and Azam 1999). Diatoms can also acclimate to these low
DSi fluxes by modifying their shape or silicification degree or by switching from one
diatom species to another. DSi concentrations increase in summer because another fac-
tor prevents diatoms from using up the DSi stock. But the discrepancy is only partially
relieved: These field observations clearly challenge the concept that diatoms would be
better competitors for N and P when DSi concentrations are replete. In the North Sea
or off the Danube River, low PO4 concentrations may explain the observations,
because it has been shown that diatoms are poor competitors at low DIP concentra-
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tions (Egge 1997), and flagellates can use P from organic sources. But why do diatoms
dominate in the Bay of Brest in spring, when both DSi and DIP limit their growth
(Del Amo et al. 1997)?

Nutrient Balance and the Development of HABs

In a recent review of harmful algal blooms and eutrophication, Anderson et al.
(2002) demonstrated the complexity of the response of coastal waters to nutrient
enrichment. DSi is clearly playing a critical role, but it has to be seen as one con-
trolling factor among others. To serve our purposes, a few examples of nutrient effects
will be shown here.

Independently of DSi, the balance between N and P also plays an important role.
In Tolo Harbor, Hodgkiss and Ho (1997) related the increasing amount of red tides
between 1982 and 1989 to declining N:P ratios, from above Redfield to around 10:1.
Similar observations were made by Romdhane et al. (1998) in Tunisian lagoons, with
blooms of Gymnodinium aureolumi, and by Riegman (1995) in Dutch coastal waters,
with blooms of P. pouchetii. As noted by Anderson et al. (2002), “The nutrient ratio con-
cept has recently been expanded to include the relative abundance of different chemi-
cal forms of nutrients, such as organic versus inorganic N and C.” The development of
HABs has been related to the dissolved organic nitrogen components, particularly urea,
as in Chesapeake Bay (Glibert et al. 2001). Several HABs have also been related to ele-
vated ratios of dissolved organic carbon to dissolved organic nitrogen, such as the
brown tides in Long Island (Lomas et al. 2001). In fact, it becomes clear that if diatoms
are able to exploit nitrate-rich conditions (Goldman 1993; Chapter 11, this volume),
microflagellates, including harmful dinoflagellates, are most often associated with low
nitrate concentrations, higher ammonium, urea, or dissolved organic nitrogen supply,
and consistent physiological preference for reduced N forms (Anderson et al. 2002 and
references therein).

Just as some zooplankton species are able to switch from ambush to suspension feed-
ing (Chapter 11, this volume), the ability of many flagellate species, including those
forming HABs, to acquire their essential elements from both inorganic and organic (dis-
solved and particulate) sources provides them with an efficient survival mechanism.
Although such mixotrophy has an energetic cost (need for both a photosynthesis appa-
ratus and mechanisms for prey uptake and subsequent digestion; Rothhaupt 1996a,
1996b), it provides them with an enormous advantage when inorganic nutrients limit
phototrophic growth (Tittel et al. 2003). With the improvement of methods to meas-
ure ingestion and C uptake, the importance of mixotrophy in the development of
HABs becomes increasingly recognized (Anderson et al. 2002 and references therein).
Note that another important capability of certain HAB species is to acquire some of
their nutrients via extracellular oxidation or hydrolysis (Mulholland et al. 1998; Ander-
son et al. 2002 and references therein).
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Conclusion
Among the mechanisms proposed to explain silica depletion, some (e.g., increased
diatom production through eutrophication and the artificial lake effect) are well estab-
lished, whereas others (e.g., trapping of phytoliths behind dams, loss of vegetated soils
with damming, and increased BSi retention with increasing biodeposition) clearly
deserve more research.

Numerous field and experimental studies (mesocosms) have related the shift from
diatoms to nondiatom species, potentially harmful, to declining DSi:DIN and
DSi:DIP ratios. But the relationship between DSi availability and diatom importance
is not straightforward. A good illustration of this is the response of the Bay of Brest
ecosystem to nutrient enrichment and declining DSi:DIN nutrient ratios, without any
systematic shift from siliceous to nonsiliceous species. Whether this can be attributed
to physical (Le Pape et al. 1996; Le Pape and Menesguen 1997) or biological (Chau-
vaud et al. 2000; Ragueneau et al. 2002a) factors is still under debate. Specifically
related to Si cycling (e.g., in the Bay of Brest ecosystem), the interactions between nutri-
ent enrichment and damming, for example, or between nutrient enrichment and the
proliferation of an exotic species (C. fornicata) that acts as the biological component of
the filter were found to modulate the effect of nutrient enrichment.

Whereas eutrophication is being reduced in Europe and the United States, it is
increasing in Southeast Asia with growing population demand. There, major rivers are
being dammed at accelerating rates (Milliman 1997), and aquaculture is flourishing to
satisfy food demand (Ruiz et al. 2000). Thus, drastic reductions in DSi fluxes to the
ocean might occur in this region, which plays a critical role in land–ocean fluxes of dis-
solved and particulate matter in general (Milliman and Maede 1983) and for DSi in par-
ticular (Ittekkot et al. 2000).

It is difficult to determine the extent to which anthropogenic inputs of DSi may
compensate for the observed reductions in DSi fluxes. In addition, little is known
about changes in the production and weathering of Si with changes in land use (Likens
et al. 1970). The long-term effects of disturbance with agriculture and the more recent
effects of acid rain on weathering, and thus the production of DSi, also are unknown.

Acknowledgments
This work is part of the Natural and Anthropogenic Modifications of the Si Cycle Along
the Land–Ocean Continuum: Worldwide Ecological, Biogeochemical and Socio-eco-
nomical Consequences (Si-WEBS) Research Training Network, funded by the Euro-
pean Union (HPRN-CT-2002-00218). We are very grateful to V. Ittekkot, C. Hum-
borg, and T. Jennerjahn for inviting us to write this review chapter and organizing the
fall 2003 Bremen meeting. Thanks to M. Briand for redrawing the figures.

12. Responses of Coastal Ecosystems to Anthropogenic Perturbations | 207



Literature Cited
Alcaraz, M., E. Saiz, C. Marrasé, and D. Vaqué. 1988. Effects of turbulence on the devel-

opment of phytoplankton biomass and copepod populations in marine mesocosms.
Marine Ecology Progress Series 49:117–125.

Anderson, D. M., P. M. Glibert, and J. M. Burkholder. 2002. Harmful algal blooms and
eutrophication: Nutrient sources, composition and consequences. Estuaries
25(4b):704–726.

Bidle, K. D., and F. Azam. 1999. Accelerated dissolution of diatom silica by marine bacte-
rial assemblages. Nature 397:508–512.

Billen, G., C. Lancelot, and M. Meybeck. 1991. N, P, and Si retention along the aquatic con-
tinuum from land to ocean. Pp. 20–44 in Ocean margin processes in global change, edited
by R. F. C. Mantoura, J.-M. Martin, and R. Wollast. Chichester, UK: Wiley.

Bodeanu, N. 1992. Algal blooms and the development of the main phytoplankton species
at the Romanian Black Sea littoral in conditions of intensification of the eutrophication
process. Pp. 891–906 in Marine coastal eutrophication: The response of marine transitional
systems to human impact—Problems and perspectives for restoration. Proceedings of the
International Conference of Bologna, March 21–24, 1990, edited by R. A. Vollenweider,
R. Marchetti, and R. Viviani. Science of the Total Environment, Supplement 1992. Ams-
terdam: Elsevier.

Bologa, A. S., N. Bodeanu, A. Petran, V. Tiganus, and Y. Zaitsev. 1995. Major modifications
of the Black Sea benthic and planktonic biota in the last three decades. Bulletin de l’In-
stitut Océanographique, Monaco 15:85–110.

Bouvier, T., S. Becquevort, and C. Lancelot. 1998. Biomass and feeding activity of
phagotrophic mixotrophs in the northwestern Black Sea during the summer 1995.
Hydrobiologia 363:289–301.

Brzezinski, M. A., R. J. Olson, and S. W. Chisholm. 1990. Silicon availability and cell-cycle
progression in marine diatoms. Marine Ecology Progress Series 67:83–96.

Budd, J. W., T. D. Drummer, T. F. Nalepa, and G. L. Fahrenstiel. 2001. Remote sensing of
biotic effects: Zebra mussels (Dreissena polymorpha) influence on water clarity in Sagenaw
Bay, Lake Huron. Limnology and Oceanography 46(2):213–223.

Chauvaud, L., F. Jean, O. Ragueneau, and G. Thouzeau. 2000. Long-term variation of the
Bay of Brest ecosystem: Pelagic–benthic coupling revisited. Marine Ecology Progress Series
200:35–48.

Cloern, J. E. 2001. Our evolving conceptual model of the coastal eutrophication problem.
Marine Ecology Progress Series 210:223–253.

Cociasu, A., L. Dorogan, C. Humborg, and L. Popa. 1996. Long-term ecological changes
in Romanian coastal waters of the Black Sea. Marine Pollution Bulletin 32(1):32–38.

Conley, D. J. 2000. Biogeochemical nutrient cycles and nutrient management strategies.
Hydrobiologia 410:87–96.

Conley, D. J. 2002. Terrestrial ecosystems and the global biogeochemical silica cycle. Global
Biogeochemical Cycles 16(4):1121.

Conley, D. J., and T. C. Malone. 1992. Annual cycle of dissolved DSi in Chesapeake Bay:
Implications for the production and fate of phytoplankton biomass. Marine Ecology
Progress Series 81:121–128.

Conley, D. J., C. L. Schelske, and E. F. Stoermer. 1993. Modification of the biogeochemi-
cal cycle of silica with eutrophication. Marine Ecology Progress Series 101:179–192.

208 | 12. Responses of Coastal Ecosystems to Anthropogenic Perturbations



Cowie, G. L., and J. I. Hedges. 1996. Digestion and alteration of the biochemical con-
stituents of a diatom (Thalassiosira weissflogii) ingested by an herbivorous copepod
(Calanus pacificus). Limnology and Oceanography 41:581–594.

Datnoff, L. E., G. H. Snyder, and G. H. Korndörfer (eds.). 2001. Silicon in agriculture. Ams-
terdam: Elsevier.

Del Amo, Y., and M. A. Brzezinski. 1999. The chemical form of dissolved Si taken up by
marine diatoms. Journal of Phycology 35:1162–1170.

Del Amo, Y., O. Le Pape, P. Tréguer, B. Quéguiner, A. Menesguen, and A. Aminot. 1997.
Impacts of high-nitrate freshwater inputs on macrotidal ecosystems. I. Seasonal evolution
of nutrient limitation for the diatom-dominated phytoplankton of the Bay of Brest
(France). Marine Ecology Progress Series 161:213–224.

DeMaster, D. J. 1981. The supply and accumulation of silica in the marine environment.
Geochimica et Cosmochimica Acta 45:1715–1732.

Egge, J. K. 1997. Are diatoms poor competitors at low phosphate concentrations? Journal
of Marine Systems 16:191–198.

Egge, J. K., and D. L. Aksnes. 1992. Silicate as regulating nutrient in phytoplankton com-
petition. Marine Ecology Progress Series 83:281–289.

Egge, J. K., and A. Jacobsen. 1997. Influence of silicate on particulate carbon production
in phytoplankton. Marine Ecology Progress Series 147:219–230.

Engstrom, D. R., E. B. Swain, and J. C. Kingston. 1985. A paleolimnological record of
human disturbance from Harvey’s Lake, Vermont: Geochemistry, pigments and diatoms.
Freshwater Biology 15:261–288.

Escavarage, V., and T. C. Prins. 2002. Silicate availability, vertical mixing and grazing con-
trol of phytoplankton blooms in mesocosms. Hydrobiologia 484:33–48.

Estrada, M., C. Marrasé, and M. Alcaraz. 1988. Phytoplankton response to intermittent stir-
ring and nutrient addition in marine microcosms. Marine Ecology Progress Series
48:223–235.

Fouillaron, P., A. Leynaert, P. Huonnic, A. Masson, and S. L’Helguen. Diatom dominance
in marine ecosystems: Influence of silicic acid flux rather than concentration. Submitted.

Fransz, H. G., and J. H. G. Verhagen. 1985. Modeling research on the production cycle of
phytoplankton in the Southern Bight of the North Sea in relation to riverborne nutrient
load. Netherlands Journal of Sea Research 19(3–4):241–250.

Glibert, P. M., R. Magnien, M. W. Lomas, J. Alexander, C. Fan, E. Haramoto, M. Trice, and
T. M. Kana. 2001. Harmful algal blooms in the Chesapeake and coastal bays of Maryland,
USA: Comparison of 1997, 1998 and 1999 events. Estuaries 24:875–883.

Goldman, J. C. 1993. Potential role of large oceanic diatoms in new primary production.
Deep-Sea Research I 40:159–186.

Gomoiu, M. 1992. Algal blooms and the development of the main phytoplankton species
at the Romanian Black Sea littoral in conditions of intensification of the eutrophication
process. Pp. 891–906 in Marine coastal eutrophication: The response of marine transitional
systems to human impact—Problems and perspectives for restoration. Proceedings of the
International Conference of Bologna, March 21–24, 1990, edited by R. A. Vollenweider,
R. Marchetti, and R. Viviani. Science of the Total Environment, supplement 1992. Ams-
terdam: Elsevier.

Guillard, R. R. L., and P. Kilham. 1978. The ecology of marine planktonic diatoms. Pp.
372–469 in The biology of diatoms, edited by D. Werner. Berkeley: University of Califor-
nia Press.

12. Responses of Coastal Ecosystems to Anthropogenic Perturbations | 209



Hamm, C. E., R. Merkel, O. Springer, P. Jurkojc, C. Maier, K. Prechtel, and V. Smetacek.
2003. Architecture and material properties of diatom shells provide effective mechani-
cal protection. Nature 421:841–843.Hodgkiss, I. J., and K. C. Ho. 1997. Are changes
in N:P ratios in coastal waters the key to increased red tide blooms? Hydrobiologia
852:141–147.

Howarth, R. W., and 14 others. 1996. Regional nitrogen budgets and riverine N and P fluxes
for the drainages to the North Atlantic Ocean: Natural and human influences. Biogeo-
chemistry 35(1):75–139.

Humborg, C., S. Blomqvist, E. Avsan, Y. Bergensund, E. Smedberg, J. Brink, and C.-M.
Mörth. 2002. Hydrological alterations with river damming in northern Sweden: Impli-
cations for weathering and river biogeochemistry. Global Biogeochemical Cycles
16(3):1039.

Humborg, C., V. Ittekkot, A. Cociasu, and B. von Bodungen. 1997. Effect of Danube River
dam on Black Sea biogeochemistry and ecosystem structure. Nature 386:385–388.

Ittekkot, V., C. Humborg, and P. Schäfer. 2000. Hydrological alterations and marine bio-
geochemistry: A silicate issue? BioScience 50:776–782.

Justic, D., N. Rabalais, R. E. Turner, and Q. Dortch. 1995. Changes in nutrient structure
of river-dominated coastal waters: Stoichiometric nutrient balance and its consequences.
Estuarine, Coastal and Shelf Science 40:339–356.

Kilham, P. 1971. A hypothesis concerning silica and the freshwater planktonic diatoms. Lim-
nology and Oceanography 16:10–18.

Lancelot, C., J. Staneva, and N. Gypens. 2004. Modelling the response of coastal ecosystem
to nutrient change. Oceanis 28(3–4):531–556.

Le Pape, O., Y. Del Amo, A. Menesguen, A. Aminot, B. Quéguiner, and P. Tréguer. 1996.
Resistance of a coastal ecosystem to increasing eutrophic conditions: The Bay of Brest
(France), a semi-enclosed zone of Western Europe. Continental Shelf Research
16:1885–1907.

Le Pape, O., and A. Menesguen. 1997. Hydrodynamic prevention of eutrophication in the
Bay of Brest (France): A modeling approach. Journal of Marine Systems 12:171–186.

Likens, G. E., F. H. Bormann, N. M. Johnson, D. W. Fisher, and R. S. Pierce. 1970. Effects
of forest cutting and herbicide treatment on nutrient budgets in the Hubbard Brook water-
shed-ecosystem. Ecological Monographs 40:23–47.

Lomas, M. W., P. M. Glibert, D. A. Clougherty, D. A. Huber, J. Jones, J. Alexander, and E.
Haramoto. 2001. Elevated organic nutrient ratios associated with brown tide blooms of
Aureococcus anophagefferens (Pelagophyceae). Jounal of Plankton Research 23:1339–1344.

Lund, J. W. G. 1950. Studies on Asterionella formosa Haas, II. Nutrient depletion and the
spring maximum. Journal of Ecology 38:1–35.

Mack, R., D. Simberloff, V. M. Lonsdale, H. Evans, M. Clout, and F. A. Bazzaz. 2000. Biotic
invasion: Causes, epidemiology, global consequences, and control. Ecological Applications
10(3):689–710.

Margalef, R. 1958. Temporal succession and spatial heterogeneity in phytoplankton. Pp.
323–349 in Perspectives in marine biology, edited by A. A. Buzzati-Traverso. Berkeley: Uni-
versity of California Press.

Martin-Jézéquel, V., M. A. Brzezinski, and M. Hildebrand. 2000. Silicon metabolism in
diatoms: Implications for growth. Journal of Phycology 36:821–840.

Mee, L. D. 1992. The Black Sea in crisis: A need for concerted international action. Ambio
21(4):278–286.

210 | 12. Responses of Coastal Ecosystems to Anthropogenic Perturbations



Milligan, A. J., and F. M. M. Morel. 2002. A proton buffering role for silica in diatoms. Sci-
ence 297:1848–1850.

Milliman, J. D. 1997. Blessed dams or damned dams? Nature 386:325–326.
Milliman, J. D., and R. H. Maede. 1983. World-wide delivery of river sediments to the

oceans. Journal of Geology 91:1–21.
Mulholland, M. R., P. M. Glibert, G. M. Berg, L. van Heukelem, S. Pantoja, and C. Lee.

1998. Extracellular amino acid oxidation by micro-plankton: A cross-ecosystem compar-
ison. Aquatic Microbial Ecology 15:141–152.

Nixon, S. W., J. W. Ammerman, and S. P. Seitzinger. 1996. The fate of nitrogen and phos-
phorus at the land–sea margin of the north Atlantic Ocean. Biogeochemistry 35:141–180.

Officer, C. B., and J. H. Ryther. 1980. The possible importance of silicon in marine
eutrophication. Marine Ecology Progress Series 3:83–91.

Olsen, S., and E. Paasche. 1986. Variable kinetics of silicon-limited growth in Thalassiosira
pseudonana (Bacillariophyceae) in response to changed chemical composition of the
growth medium. Journal of Phycology 21:183–190.

Paasche, E. 1973. Silicon and the ecology of marine plankton diatoms. II. Silicate uptake
kinetics in five diatom species. Marine Biology 19:262–269.

Pearsall, W. H. 1932. Phytoplankton of the English lakes, II. The composition of phyto-
plankton in relation to dissolved substances. Journal of Ecology 20:241–262.

Ragueneau, O., L. Chauvaud, A. Leynaert, G. Thouzeau, Y.-M. Paulet, S. Bonnet, A. Lor-
rain, J. Grall, R. Corvaisier, M. Le Hir, F. Jean, and J. Clavier. 2002a. Direct evidence of
a biologically active coastal silicate pump: Ecological implications. Limnology and
Oceanography 47(6):1849–1854.

Ragueneau, O., L. Chauvaud, B. Moriceau, A. Leynaert, G. Thouzeau, A. Donval, F. Le
Loch, and F. Jean. 2005. Biodeposition by an invasive suspension feeder impacts the bio-
geochemical cycle of Si in a coastal ecosystem (Bay of Brest, France). Biogeochemistry
75:19–41.

Ragueneau, O., E. De Blas Varela, P. Tréguer, B. Quéguiner, and Y. Del Amo. 1994. Phy-
toplankton dynamics in relation to the biogeochemical cycle of silicon in a coastal ecosys-
tem of Western Europe. Marine Ecology Progress Series 106:157–172.

Ragueneau, O., C. Lancelot, V. Egorov, J. Vervlimmeren, A. Cociasu, G. Déliat, A. Krastev,
N. Daoud, V. Rousseau, V. Popovitchev, N. Brion, L. Popa, and G. Cauwet. 2002b. Bio-
geochemical transformations of inorganic nutrients in the mixing zone between the
Danube River and the northwestern Black Sea. Estuarine, Coastal and Shelf Science
54(3):321–336.

Ragueneau, O., P. Tréguer, A. Leynaert, R. F. Anderson, M. A. Brzezinski, D. J. DeMaster,
R. C. Dugdale, J. Dymond, G. Fischer, R. François, C. Heinze, E. Maier-Reimer, V. Mar-
tin-Jézéquel, D. Nelson, and B. Quéguiner. 2000. A review of the Si cycle in the modern
ocean: Recent progress and missing gaps in the application of biogenic opal as a paleo-
productivity proxy. Global and Planetary Change 26(4):315–366.

Riegman, R. 1995. Nutrient-related selection mechanisms in marine phytoplankton com-
munities and the impact of eutrophication on the planktonic food web. Water Science and
Technology 32:63–75.

Roberts, E. C., K. Davidson, and L. C. Gilpin. 2003. Response of temperate microplank-
ton communities to N:Si ratio perturbation. Journal of Plankton Research 25(12):1–11.

Romdhane, M. S., H. C. Eilertsen, O. Dally Yahia-Kefi, and M. N. Dally Yehia. 1998. Toxic
dinoflagellate blooms in Tunisian lagoons: Causes and consequences for aquaculture. Pp.

12. Responses of Coastal Ecosystems to Anthropogenic Perturbations | 211



80–83 in Harmful algae, edited by B. Reguera, J. Blanco, M. L. Fernandez, and T. Wyatt.
Paris: Xunta de Galicia and IOC of UNESCO.

Rothhaupt, K. O. 1996a. Laboratory experiments with a mixotrophic chrysophyte and
obligately phagotrophic and phototrophic competitors. Ecology 77:716–724.

Rothhaupt, K. O. 1996b. Utilization of substitutable C- and P-sources by the mixotrophic
chrysophyte Ochromonas sp. Ecology 77:706–715.

Rousseau, V., A. Leynaert, N. Daoud, and C. Lancelot. 2002. Diatom succession, silicifi-
cation and silicic acid availability in Belgian coastal waters (southern North Sea). Marine
Ecology Progress Series 236:61–73.

Ruiz, G. M., P. W. Fofonoff, J. T. Carlton, M. J. Wonham, and A. H. Hines. 2000. Inva-
sion of coastal marine communities in North America: Apparent patterns, processes, and
biases. Annual Review of Ecology and Systematics 31:481–531.

Sapozhnikov, V. V. 1992. Biohydrochemical causes of the changes of the Black Sea ecosys-
tem and its present condition. GeoJournal 2:149–157.

Schelske, C. L., and E. F. Stoermer. 1971. Eutrophication, silica depletion, and predicted
changes in algal quality in Lake Michigan. Science 173:423–424.

Schelske, C. L., E. F. Stoermer, D. J. Conley, J. A. Robbins, and R. Glover. 1983. Early
eutrophication in the lower Great Lakes: New evidence from biogenic silica in sediments.
Science 222:320–322.

Schelske, C. L., H. Züllig, and L. Boucherle. 1987. Limnological investigation of biogenic
silica sedimentation and silica biogeochemistry in Lake St Moritz and Zürich. Schweizer
Zeitung für Hydrologie 49:42–50.

Smayda, T. J. 1990. Novel and nuisance of phytoplankton blooms in the sea: Evidence for
a global epimedia. Pp. 29–40 in Toxic marine phytoplankton, edited by E. Graneli. New
York: Elsevier.

Svensen, C. 2002. Eutrophication and vertical flux: A critical evaluation of silicate addition.
Marine Ecology Progress Series 240:21–26.

Svensen, C., J. K. Egge, and J. E. Stiansen. 2001. Can silicate and turbulence regulate the
vertical flux of biogenic matter? A mesocosm study. Marine Ecology Progress Series
217:67–80.

Tande, K. S., and D. Slagstad. 1985. Assimilation efficiency in herbivorous aquatic organ-
isms: The potential of the ratio methods using 14C and biogenic silica as markers. Lim-
nology and Oceanography 30:1093–1099.

Tittel, J., V. Bissinger, B. Zippel, U. Gaedke, E. Bell, A. Lorke, and N. Kamjunke. 2003.
Mixotrophs combine resource use to outcompete specialists: Implications for aquatic
food webs. Proceedings of the National Academy of Sciences of the United States of America
100(22):12776–12781.

Tolmazin, D. 1985. Changing coastal oceanography of the Black Sea. I: Northwestern
shelf. Progress in Oceanography 15:217–276.

Tréguer, P., D. M. Nelson, A. J. Van Bennekom, D. J. DeMaster, A. Leynaert, and B.
Quéguiner. 1995. The silica balance in the world ocean: A reestimate. Science
268:375–379.

Turner, R. E., N. Qureshi, N. N. Rabalais, Q. Dortch, D. Justic, R. F. Shaw, and J. Cope.
1998. Fluctuating silicate:nitrate ratios and coastal plankton food webs. Proceedings of the
National Academy of Science, USA 95:13048–13051.

Turner, R. E., and N. N. Rabalais. 1991. Changes in Mississippi river water quality this cen-
tury: Implications for coastal food webs. BioScience 41:140–147.

212 | 12. Responses of Coastal Ecosystems to Anthropogenic Perturbations



Van Bennekom, A. J., and W. Salomons. 1981. Pathways of nutrients and organic matter
from land to ocean through river. Pp. 33–51 in River inputs to ocean systems, edited by J.-
M. Martin, J. D. Burton, and D. Eisma. New York: UNEP, IOC, SCOR, United
Nations.

Van Dokkum, H. P., J. H. J. Hulskotte, K. J. M. Kramer, and J. Wilmot. 2004. Emission,
fate and effects of soluble silicates (waterglass) in the aquatic environment. Environmen-
tal Science and Technology 38:515–521.

Van Eeckhout, D., and C. Lancelot. 1997. Modelling the functioning of the north-western
Black Sea ecosystem from 1960 to present. Pp. 455–468 in Sensitivity of North Sea, Baltic
Sea and Black Sea to anthropogenic and climatic changes, edited by E. Ozsoy and A.
Mikaelyan. NATO-ASI series. Dordrecht, The Netherlands: Kluwer.

Wahby, S. D., and N. F. Bishara. 1979. The effect of the river Nile on Mediterranean water,
before and after the construction of the High Dam at Aswan. Pp. 311–318 in River inputs
to ocean systems, edited by J.-M. Martin, J. D. Burton, and D. Eisma. Rome: Intergov-
ernmental Oceanographic Commission, Scientific Committee on Oceanographic
Research, U.N. Environmental Programme.

Wassmann, P., J. K. Egge, M. Reigstad, and D. L. Aksnes. 1996. Influence of dissolved sil-
icate on vertical flux of particulate biogenic matter. Marine Pollution Bulletin 33:1–6.

12. Responses of Coastal Ecosystems to Anthropogenic Perturbations | 213




